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Abstract 

Single-spin asymmetries for pions and charged kaons are measured in semi-inclusive deep-inelastic scattering of positrons and 
electrons off a transversely nuclear-polarized hydrogen target. The dependence of the cross section on the azimuthal angles of the 
target polarization {(f>s) and the produced hadron {(f>) is found to have a substantial sin(0 + 0g) modulation for the production of 
tt"*", 7r~ and K'^ . This Fourier component can be interpreted in terms of non-zero transversity distribution functions and non-zero 
favored and disfavored Collins fragmentation functions with opposite sign. For tv" and production the amplitude of this Fourier 
component is consistent with zero. 

Key words: semi-inclusive DIS, single-spin asymmetries, polarized structure functions, transversity, Collins function 
PACS: 13.60.-r, 13.88.-fe, 14.20.Dh, 14.65.-q 



Most of our knowledge about the internal structure of 
nucleons comes from deep- inelastic scattering (DIS) exper- 
iments. At the energies of current fixed-target experiments, 
the dominant process in DIS of charged Icptons by nucle- 
ons is the exchange of a single space-like photon with a 
squared four-momentum —Q^ much larger than the typi- 
cal hadronic scale, usually set to be the squared mass AP 
of the nucleon. The cross section for this lepton scattering 
process can be decomposed in a model-independent way in 
terms of structure functions. Factorization theorems based 
on quantum chromodynamics (QCD) provide an interpre- 
tation of these structure functions in terms of parton dis- 
tribution functions (PDFs) , which ultimately reveal crucial 
aspects of the dynamics of confined quarks and gluons. 

Polarized inclusive DIS on nucleons, IN — >■ I'X (where X 
denotes the undetected final state), neglecting weak boson 
exchange can be described by four structure functions (see, 
e.g, Refs. [1,2]). They can be interpreted using collinear 
factorization theorems (see, e.g, Ref. [3,4] and references 
therein). Three of the structure functions contain contri- 
butions at leading order in an expansion in M/Q (twist 
expansion). These contributions include the leading- twist 
(twist-2) quark distribution functions ff{x) and g^x) [2] 
(for simplicity, the dependence on has been dropped). 
The variable x represents the fraction of the nucleon mo- 
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mentum carried by the parton in a frame where the nucleon 
moves infinitely fast in the direction opposite to the probe. 
The hard probe defines a specific direction (q in Fig. 1), 
usually denoted as longitudinal, and the transverse plane 
perpendicular to it. In a parton- model picture, f1{x) de- 
scribes the number density of quarks of flavor q in a fast- 
moving nucleon without regard to their polarization. The 
PDF g\{x) describes the difference between the number 
densities of quarks with helicity equal or opposite to that of 
the nucleon if the nucleon is longitudinally polarized. The 
integrals over x of (x) and g'l{x) are related to the vector 
and axial charge of the nucleon, respectively. 

There is a third leading- twist PDF, the function h\{x) ^ , 
called the transversity distribution (see Ref. [5] for a re- 
view on the subject). Its integral over x is related to the 
tensor charge of the nucleon [6]. It can be interpreted as 
the difference between the densities of quarks with trans- 
verse (Pauli-Lubanski) polarization parallel or anti-parallel 
to the transverse polarization of the nucleon [7] . In contrast 
to fi{x) and gKx)^ due to helicity conservation, there ex- 
ist no gluon analog of hKx) in the case of spin-^ targets. 
Therefore, h1(x) cannot mix with gluons under QCD evo- 
lution. 

The transversity distribution does not appear in any 
structure function in inclusive DIS because it is odd under 
inversion of the quark chirality. It must be combined with 
another chiral-odd nonperturbative partner to appear in 
a cross section for hard processes involving only QED or 
QCD, as such interactions preserve chirality. For this rea- 
son, in spite of decades of inclusive DIS studies, no exper- 
imental information on the transversity distribution was 
available until recently. In lepton-nucleon scattering, the 
transversity distribution can be accessed experimentally 
only in semi-inclusive DIS with a transversely polarized 
target, where it can appear in combination with, e.g., the 
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chiral-odd Collins fragmentation function [8]. This Letter 
presents a measurement of the associated signal. 

In semi-inclusive DIS, IN — > I'hX, where a hadron h is 
detected in the final state in coincidence with the scattered 
lepton, the cross section depends on, among other variables, 
the hadron transverse momentum and its azimuthal orien- 
tation with respect to the lepton scattering plane about the 
virtual-photon direction. If the target is polarized and the 
polarization of the final state is not measured, the semi- 
inclusive DIS cross section can be decomposed in terms of 
18 scmi-inclusivc structure functions (see, e.g, Ref. [9]). 

When the transverse momentum of the produced hadron 
is small compared to the hard scale Q, semi-inclusive DIS 
can be described using transverse-momentum-dependent 
factorization [10,11]. The semi-inclusive structure func- 
tions can be interpreted in terms of convolutions involv- 
ing transverse-momentum-dependent parton distribution 
and fragmentation functions [12]. The former encode in- 
formation about the distribution of partons in a three- 
dimensional momentum space, and the latter describe the 
hadronization process in a three-dimensional momentum 
space. Hence, the study of semi-inclusive DIS not only 
opens the way to the measurement of transversity, but 
also probes new dimensions of the structure of the nu- 
cleon and of the hadronization process, thus offering new 
perspectives to our understanding of QCD. 

When performing a twist expansion, eight semi-inclusive 
structure functions contain contributions at leading order, 
related to the eight leading-twist transverse-momcntum- 
dependent PDFs [9]. One of these structure functions is 
interpreted as the convolution of the transversity distri- 
bution function (^lot integrated over the trans- 
verse momentum) and the Collins fragmentation function 
H^''^^{z, k^), which acts as a polarimeter being sensitive 
to the correlation between the transverse polarization of 
the fragmenting quark and kx [8]. Here, z in the target- 
rest frame denotes the fraction of the virtual photon energy 
carried by the produced hadron h, px denotes the trans- 
verse momentum of the quark with respect to the parent 
nucleon direction, and kx denotes the transverse momen- 
tum of the fragmenting quark with respect to the direc- 
tion of the produced hadron. This structure function mani- 
fests itself as a sin{(j) + (j}s) modulation in the semi-inclusive 
DIS cross section with a transversely polarized target. Its 
Fourier amplitude, henceforth named Collins amplitude, is 

denoted as 2( sm{(/)+(/)s))^rj,, where (j) {(ps) represents the 
azimuthal angle of the hadron momentum (of the trans- 
verse component of the target spin) with respect to the 
lepton scattering plane and about the virtual-photon direc- 
tion, in accordance with the Trento Conventions [13] (see 
Fig. 1). The subscript UT denotes unpolarized beam and 
target polarization transverse with respect to the virtual- 
photon direction. Other azimuthal modulations have dif- 
ferent origins and involve other distribution and fragmen- 
tation functions. They can be disentangled through their 
specific dependence on the two azimuthal angles (j) and 05 




Fig. 1. The definition of the azimuthal angles <j) and (pg relative to 
the lepton scattering piano. 

(see, e.g, Refs. [9,14,15]). Results on, e.g., the sin(0 — (^5) 
modulation of this data set were reported in Ref. [16]. 

Non-zero Collins amplitudes were previously published 
for charged pions from a hydrogen target [17], based on 
a small subset (about 10%) of the data reported here, 
consisting of about 8.76 million DIS events. Collins am- 
plitudes for unidentified hadrons were measured on pro- 
tons [18] and for pions and kaons, albeit consistent with 
zero, on deuterons [19-21] by the COMPASS collaboration. 
In Refs. [22,23] the first joint extraction of the transversity 
distribution function and the Collins fragmentation func- 
tion was carried out, under simplifying assumptions, using 
preliminary results from a subset of the present data in com- 
bination with the deuteron data from the Compass collab- 
oration [19-21] and e+e" annihilation data from the Belle 
collaboration [24,25]. Recently, significant amplitudes for 
two-hadron production in semi-inclusive DIS, which con- 
stitutes an independent process to probe transversity, were 
measured at the Hermes experiment [26] providing ad- 
ditional evidence for a non-zero transversity distribution 
function. 

In this Letter, in addition to much improved statistical 
precision on the charged pion results, the Collins ampli- 
tudes for identified K^, K~, and 7r° are presented for the 
first time for a proton target. The data reported here were 
recorded during the 2002-2005 running period of the Her- 
mes experiment with a transversely nuclear-polarized hy- 
drogen target stored in an open-ended target cell internal 
to the 27.6 GcV Hera polarized positron/electron storage 
ring at Desy. The two beam helicity states are almost per- 
fectly balanced in the present data, and no measurable con- 
tribution arising from the residual net beam polarization 
to the amplitudes extracted was observed. The target cell 
was fed by an atomic-beam source [27] , which uses Stern- 
Gerlach separation combined with radio-frequency transi- 
tions of hyperfine states. The target cell was immersed in 
a transversely oriented magnetic holding field. The effects 
of this magnetic field were taken into account in the recon- 
struction of the vertex positions and the scattering angles 
of charged particles. The nuclear polarization of the atoms 
was flipped at 1-3 minutes time intervals, while both the 
polarization and the atomic fraction inside the target cell 
were continuously measured [28]. The average magnitude 
of the proton-polarization component perpendicular to the 
beam direction was 0.725±0.053. Scattered leptons and co- 
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incident hadrons were detected by the Hermes spectrome- 
ter [29] . Leptons were identified with an efficiency exceeding 
98% and a hadron contamination of less than 1%. Charged 
hadrons detected within the momentum range 2-15 GeV 
were identified using a dual-radiator RICH by means of 
a hadron-identification algorithm that takes into account 
the event topology. The detection of the neutral pious is 
based on the measurements of photon pairs in the electro- 
magnetic calorimeter. These were accepted only if > 1 
GeV and 0.10 GeV < M^^ < 0.17 GeV, where E-y and 
M-yj denote the photon energy and the photon-pair invari- 
ant mass, respectively. The combinatorial background was 
evaluated in the side-bands 0.06 GeV < M^^ < 0.10 GeV 
and 0.17 GeV < M^^ < 0.21 GeV. 

Events were selected according to the kinematic require- 
ments W"^ > lOGeV^, 0.023 < x < 0.4, 0.1 < y < 0.95, 
and Q2 > iGeV^, where = {P + qf , = _g2 = 
-(fc - fc')^ y = {P- q)/{P ■ k), and x = Q^/{2P ■ q) are 
the conventional DIS kinematic variables with P, k and k' 
representing the four-momenta of the initial state target 
proton, incident and outgoing lepton, respectively. In or- 
der to minimize target fragmentation effects as well as to 
exclude kinematic regions where contributions from exclu- 
sive channels become sizable, coincident hadrons were only 
included if 0.2 < z < 0.7, where z = {P ■ Ph)/{P ■ q) and 
Ph is the four-momentum of the produced hadron. 

The cross section for semi-inclusive production of 
hadrons using an unpolarized lepton beam and a target 
polarized transversely with respect to the virtual pho- 
ton direction includes a polarization-averaged part and 
a polarization-dependent part. The former contains two 
cosine modulations and the latter contains a total of five 
sine modulations [9,14,15]: 



da^{4>, cl)s) = dffj^ui 1 + J2 2(cos(n0))(;,u cos{n(t,) 



|St| ^2(sin$j)(^T sin $4 L 



(1) 



where St denotes the transverse (with respect to the virtual 
photon direction) component of the target-proton polariza- 
tion vector and $ = [</> -|- (/fg , </> - t/fg , 4>s, 24>-(j)s, 3(j)-4>s]- 
The dependence of the cross section and of the azimuthal 
amplitudes on x, y, z, and Ph± has been suppressed. The 
subscript UU denotes unpolarized beam and unpolarized 
target, and da!^^ represents the cross section averaged over 
(j) and over beam and target polarizations. 

The Collins amplitude 2{sm{(j) + <j)s)) ^j. can be inter- 
preted in the parton model as [14] 



2{sm{(l)+(ps))^T.{x, y, z, Pk.±) 

(1-2/) C[-^f^hl{x,p'^)H_ 



±q^h 



(Z,fe|)] 



(1-y + 2/2/2) 



C[/f(x,p|)7^r''(^,4)] 



where Ph± = |P/i — '^^^p^l ^^'^ transverse momentum 
of the produced hadron, and D\~^^ is the polarization- 
averaged quark fragmentation function. The notation C de- 
notes the convolution [9] 

C[..] =xY^e\ I dWkT<5'''(pT-kT-^)[...] , 

(3) 

where the sum runs over the quark flavors g, and Cq are the 
quark electric charges in units of the elementary charge. 
Expressions similar to Eq. (2) hold for the other azimuthal 
modulations in Eq. (1) [9]. Note that, as the quark fla- 
vors enter the cross section with the square of their electric 
charge, the u-quarks provide the dominant contribution to 
the production of, e.g., 7r+/_ftr+ for proton targets (com- 
monly denoted as "w-quark dominance" ) . 

Experimentally, the Fourier amplitudes of the yields for 
opposite transverse target-spin states were extracted using 
a maximum-likelihood fit alternately binned in x, z, and 
Ph±, but unbinncd in (f) and (f)s- This is equivalent to a 
Fourier decomposition of the asymmetry 

da^(</.,</.s)-da^(</.,(^s + ^) 



0^ 



1 



(4) 



(2) 



|ST|d(T''((/),(/)s)-hd(T^(0,(/-S+7r) ' 

for perfectly balanced target polarization and in the limit 
of very small (f> and (f>s bins. The asymmetry amplitudes 
for neutral pions were corrected for the effects of the 
combinatorial background evaluated in the side-bands 
of the photon-pair invariant mass spectrum. In addition 
to the five sine terms in Eq. (1), the fit also included a 
sm{2(j) -\- (f>s) term, arising from the small but non- vanishing 
target-polarization component that is longitudinal to the 
virtual-photon direction when the target is polarized per- 
pendicular to the beam direction [30]. In order to avoid 
cross contamination arising from the limited spectrometer 
acceptance, the six amplitudes were extracted simultane- 
ously. The fit did not include the cos{n(j)) modulations of 
Eq. (1). As a consequence, one cannot expect a priori that 
the Fourier amplitudes extracted are identical to those of 
Eq. (1). However, in the following they will be considered 
to be equivalent because inclusion in the fit of estimates 
[31] for the cos(0) and cos(20) amplitudes of the unpo- 
larized cross section resulted in negligible effects on the 
extracted amplitudes. 

The extracted Collins amplitudes are shown in Fig. 2 as 
a function ofx,z, or Ph± ■ They are positive for 7r+ and , 
negative for tt", and consistent with zero for 7r° and K~ 
at a confidence level of at least 95% based on a Student's 
i-test including the systematic uncertainties. Note that the 
X, z, and Ph± dependences in Fig. 2 are three projections 
of the same data and are thus fully correlated. 

A scale uncertainty of 7.3% on the extracted amplitudes, 
not shown in Fig. 2, arises from the accuracy in the measure- 
ment of the target polarization. Effects from acceptance, 
smearing due to detector resolution, higher order QED pro- 
cesses and hadron identification procedure based on the 
RICH are not corrected for in the data. Rather, the size 
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Fig. 2. Collins amplitudes for pions and charged kaons as a function 
of X, 2, or PhX- The systematic uncertainty is given as a band at the 
bottom of each panel. In addition there is a 7.3% scale uncertainty 
from the accuracy in the measurement of the target polarization. 

of all these effects was estimated using a Pythia6 Monte 
Carlo simulation [32] tuned to Hermes hadron multiplicity 
data and exclusive vector-meson production data [33-35] 
and including a full simulation of the Hermes spectrom- 
eter. A polarization state was assigned to each generated 
event using a model that reflects the (transverse target) po- 
larization dependent part of the cross section (see Eq. (1)). 
This model was obtained through a fully differential (i.e 
differential in the four relevant kinematic variables x, Q^, 
z, and Ph±) S"*^ order polynomial fit [36,37] of real data. 
The asymmetry amplitudes, extracted from the simulated 
data by means of the same analysis procedure used for the 
real data, were then compared with the model, evaluated 
in each bin at the mean kinematics, to obtain an estimate 
of the global impact of the effects listed above. The result 
was included in the systematic uncertainty and constitutes 
the largest contribution. It accounts for effects of nonlin- 
earity of the model, as it includes the difference in each bin 
between the average model and the model evaluated at the 
average kinematics. The impact on the extracted ampli- 
tudes of contributions [30] from the non- vanishing longitu- 
dinal target-spin component was estimated based on previ- 



ous measurements of single-spin asymmetries for longitu- 
dinally polarized protons [38,39]. The resulting relatively 
small effect was included in the systematic uncertainty. 

A Monte Carlo simulation was used to estimate the frac- 
tion of pions and kaons originating from the decay of ex- 
clusively produced vector mesons, updating previous re- 
sults reported in Ref. [40]. For charged pions, this fraction 
is dominated by the decay of mesons and, in the kine- 
matic region covered by the present analysis, is of the or- 
der of 6-7%. The vector-meson fractions for neutral pions 
and charged kaons are of the order of 2-3%. The z and Ph± 
dependences of the fraction of pions and kaons stemming 
from the decay of exclusively produced vector mesons are 
shown in [16] for the two kinematic regions < 4 GeV^ 
and > 4 GeV^ (the x dependence was not reported due 
to the strong correlation between x and in the data). 
They exhibit maxima at high z and low Ph±- These con- 
tributions are considered part of the signal and were not 
used to correct the pion and kaon yields analysed in the 
present work. However, this information can be useful for 
the interpretation of the results. 

In general, the non- vanishing amplitudes shown in Fig. 2 
increase in magnitude with x. This is consistent with the 
expectation that transversity mainly receives contributions 
from the valence quarks. A non negligible contribution from 
the sea quarks cannot be excluded, but is not expected to 
be large due to the fact that transversity cannot be gener- 
ated in gluon splitting. The amplitudes are also found to 
increase with z, in qualitative agreement with the results 
for the Collins fragmentation function from the Belle ex- 
periment [24,25]. The results of Fig. 2 also show that the 
TT" amplitude is of opposite sign to that of n'^ and larger in 
magnitude. A possible explanation is dominance of u fla- 
vor among struck quarks, in conjunction with a substantial 
magnitude with opposite sign of the disfavored Collins frag- 
mentation function describing, e.g, the fragmentation of u 
quarks into tt" mesons, as already suggested in Ref. [17]. 
Opposite signs for the favored and disfavored Collins frag- 
mentation functions are not in contradiction to the Belle 
results [24,25] and are supported by the combined fits re- 
ported in [22]. They can be understood in light of the 
string model of fragmentation [41] (and also of the Schafer- 
Teryaev sum rule [42]). If a favored pion is created at the 
string end by the first break, a disfavored pion from the next 
break is likely to inherit transverse momentum in the op- 
posite direction. The string fragmentation model, the base 
of the successful and widespread Jetset generator [43], 
predicts such a Ph± strong negative correlation between 
favored and disfavored pions. 

Under the assumption of isospin symmetry, the fragmen- 
tation functions for neutral pions are assumed equal to the 
average of those for charged pions. Factorization of the 
semi-inclusive cross section results in the following isospin 
relation for the Collins amplitudes for pions: 

(sin(0 + 0s))?]T + C(sin(0 + 05))uT 

(5) 
-(l + C)(sin(<^ + 05))?jT=O, 
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where C denotes the ratio of the polarization-averaged cross 
sections for semi-inclusive charged-pion production (C = 

^'^uu/'^^uu)- "^^^ extracted pion amplitudes are consistent 
with Eq. (5). 

The Fourier amplitudes for are found to be larger 
than those for 7r+ at a confidence level of at least 90% 
(99%) based on a Student's i-test including (not including) 
the systematic uncertainties. On the other hand, the am- 
plitudes for TT^ and exhibit a very different behavior, 
the former being significantly negative, while the latter is 
consistent with zero in the whole kinematic range. Here, 
however, one should keep in mind that, in contrast to tt^, 
a K~ has no valence quarks in common with the target 
proton and sea quark transversity is expected to be small. 

In interpreting the various features of the extracted am- 
plitudes, and in particular the differences between those of 
pions and kaons, the largely unknown role of several con- 
curring factors should be considered. Among these are, e.g, 
(i) the role of sea quarks in conjunction with possibly large 
fragmentation functions; (ii) the various contributions from 
decay of semi-inclusively produced vector-mesons which, 
based on a Monte Carlo simulation, are mainly p and w 
mesons producing pions (up to 37% and 10%, respectively), 
and K* and (p mesons producing kaons (up to 41% and 
3.5%, respectively); (iii) the fcx dependences of the frag- 
mentation functions, which can be different for different 
hadrons and can have an effect on the extracted amplitudes 
through the convolution of Eqs. (2) and (3). 

Up to this point, the discussion is based on Eq. (2) and is 
thus valid up to twist-3. It is therefore interesting to investi- 
gate the possible presence of twist-4 contributions. To this 
end, the dependence of the extracted amplitudes was 
studied in more detail. To minimize effects arising from the 
strong correlation between x and in the data, the events 
in each x bin were divided into two sub-bins, with below 
and above the mean value (Q^(xj)) for the original bin (see 
Fig. 3). However, due to the limited statistics it was not 
possible to significantly constrain the twist-4 contributions 
by fitting the data in Fig. 3 with various dependences 
(including the appropriate y-dependent prefactor of Eq. 2). 

In summary, non-zero Collins amplitudes in semi- 
inclusive DIS were measured for charged pions and posi- 
tively charged kaons. These amplitudes can be interpreted 
as due to the transverse polarization of quarks in the tar- 
get, revealed by its influence on the fragmentation of the 
struck quark. They thus support the existence of non-zero 
transversity distribution functions in the proton and also 
the existence of non-zero Collins fragmentation functions. 
In particular, by comparing the Collins amplitudes of tt"'' 
and 7r~, it appears that fragmentation that is disfavored 
in terms of quark flavor has an unexpected importance, 
and enters with a sign opposite to that of the favored one. 
In contrast to the expectation that the 7r+ and the 
Collins amplitudes should have similar magnitudes, based 
on the common u-quark dominance, the amplitude for 
is found to be significantly larger than that for 7r+. This 



-Ti* ■Q'<<Q>i)> 

o Q' > (Q'(Xi)) 
1 


-7t" 

A 1 








o 

o ° ■ 
o ■ 

° . ■ 


o 

o ° ■ 
o ° ° ■ ■ 

° . ■ 



10 X ■'0 



Fig. 3. Collins amplitudes for charged pions as functions of x. The 
range for each j-bin in x was divided into the two regions above 
and below the average of that bin ((Q^(xi))). The bottom panels 
show the x-dependcnco of the average . 

could be an indication of, e.g, an unanticipated behavior of 
the Collins fragmentation functions possibly in conjunction 
with a non negligible role of the sea quarks in the nucleon. 
Collins amplitudes consistent with zero are measured for 
7r° and K~ . These data should considerably improve the 
precision of transversity extractions from future global fits. 
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